Long-range reverberation spectral analysis yields two observations. Firstly, there is a remarkably similar scale, O(0.1)m, between 3 diverse continental shelf regions. This is surprising given general understanding of the complexity and diversity of geologic processes. Secondly, there is strong evidence that the scale is associated with heterogeneities within the sediment. Thus sediment volume scattering, not interface scattering, controls long-range reverberation from a few hundred Hertz to several kiloHertz. This is also unexpected given that at long-ranges the vertical grazing angles are less than the critical angle, and hence the penetration of the acoustic field into the sub-bottom is expected to be modest. The consistency of the scale, O(0.1)m, suggests an underlying feature or mechanism that is consistent across many ostensibly diverse geological settings. The most likely mechanism is scattering from mollusks. [Work supported by ONR Ocean Acoustics]
INTRODUCTION
Recent evidence (Ref. 1) indicates a common scale in the seabed, order 0.1 m that controls 200-3200 Hz scattering in diverse continental shelf environments. This paper provides an overview of those results. The scattering is assumed to be governed by the von Karman spectrum for the sediment fluctuations (see Ref. 2) . For interface scattering, the roughness spectrum is assumed to be 2 2 2 2 2 2 2
where k is the wavenumber, the spectral strength w 2 is simply a bias,ҏ J 2 , is the spectral exponent and L 2 the spectral cut-off length. The roughness spectral exponent J 2 tends to range from 2.5-3.5 with an upper limit of 4. For volume heterogeneities, the spectral representation is ( )
where / is the aspect ratio of the volume heterogeneities, k z is the vertical component of the wavenumber, w 3 the bias, and L 3 is the spectral cut-off length. At low angles (i.e., for long-range reverberation) k z is small and the aspect ratio tends to be unimportant. The key scale parameter of interest here is the spectral cut-off length, L 2 or L 3 above which the roughness and volume spectra are independent of scale size. The relationship between these spectra and scattering is given in Jackson et al., Ref. 2, referred to as the GABIM model.
Estimation of the spectral cutoff-length is performed by analysis of broadband reverberation and propagation. The propagation spectrum is used to estimate a set of deterministic (i.e., non-fluctuating) seabed geoacoustic parameters. Reverberation, a function of both the deterministic and statistical (scattering) parameters is then used to estimate the statistical parameters. The detailed approach is discussed in Ref. 1 .
EXAMPLE OF SPECTRAL CUTOFF LENGTHS
Reverberation data were collected June 3, 1997 in the Tyrrhenian Sea. Sound Undersea Signal (SUS) were deployed at 91 m depth, and a towed hydrophone at 60 m in a water depth of 122 m. A Simrad EY-500 sonar showed very few fish in the reverberation experiment area. The sound speed profile was downward refracting with source and receiver both below the thermocline, which minimizes sea surface interaction. The wind speed varied between 1-2.5 m/s for 9 hours leading up the measurement, indicating low sea state. The TL data (not shown) increase slowly with frequency (e.g., at 7 km range at about 6 dB per decade) and there was no discernable azimuthal dependence (4 orthogonal radials were measured).
Reverberation data are shown in Figure 1 (gray lines with error bars). The salient feature is the peak in the reverberation at 800 Hz. This peak indicates that the reverberation frequency dependence is dominated by the scattering strength, not the propagation. There is strong evidence that the reverberation is controlled by volume scattering because the roughness hypothesis requires a value of the spectral exponent, J 2 =4.8 that is outside the range of possible values. Thus, sediment volume scattering is the dominant mechanism at this site from at least 200 -3150 Hz. The model fits used a spectral cut-off of L 3 =0.2 m capturing the spectral content of the reverberation quite well. The spectral cut-off length was consistent over a large region of the mid to outer shelf (excluding the rocky outcrops of the Elba Ridge). Other parameters are given in Ref. 1 . 
SCATTERING MECHANISM HYPOTHESES
Observations at three different locations (see Ref. 1) present puzzling questions: 'why is there a common scale that drives scattering in these diverse regions?' with the related question: 'what is the sediment feature or mechanism that drives this behavior?'.
The data in the Straits of Sicily and the Tyrrhenian Sea (see Ref. 1) were analyzed assuming a spectral representation for the volume heterogeneities, with a spectral cut-off of O(0.1) m. For discrete scattering, the dominant scale (radius) of non-resonant scatterers would also be O(0.1) m. Thus, the data could be explained either by an appeal to the spectral approach (non-discrete) or a distribution of discrete scatterers. In the spectral assumption, the spectral cut-off indicates that heterogeneities have the same magnitude of density fluctuations for wavelengths larger than O(0.1) m. In the discrete assumption, the particle radii O(0.1) m dominate the scattering, either because of number density, or because the impedance contrast is much larger at that scale than for other sizes. These two hypotheses are briefly explored.
The spectral approach would be reasonable if scattering was dominated by volume heterogeneities due to sediment depositional/erosional processes. In this case, the scales of lateral heterogeneity might be expected to vary widely across geographic areas, e.g., due to eustatic fluctuations, and/or the proximity of a riverine source to various positions on the shelf.
For the discrete assumption, it seems unlikely that impedance variability of the scatterers play a large role, since a) the material properties tend to be reasonably similar across a range of scales and types (e.g., grains, pebbles, rocks or shells) and b) the scattering strength is generally more sensitive to radius than material properties. If radius is the dominant factor for the scattering frequency dependence, then the observations indicate a size distribution that tends to top out at order 0.1 m. Since the scattered intensity for a sphere goes as the radius squared, then particles smaller than 0.1 m would not contribute to the scattering as long as the number density was not too much larger than that of the largest O(0.1) m particles. Large pebbles or cobbles are thus, a possible explanation, however, they seem unlikely to be distributed more or less evenly across the shelf as the observations suggest. Also, it is not clear why the size distribution should top out at O(0.1) m. Finally, O(0.1) m cobbles on the mid to outer shelf of the northern Tyrrhenian Sea in the upper meters of sediment seem unlikely.
A possibility that reasonably fits the constraints imposed by the observations is mollusk shells. The shells of many mollusks are of order O(0.1) m and while smaller sizes (i.e., broken fragments) would be expected, shells much larger than this would not be. Furthermore, the shell material properties are expected to be fairly uniform. Mollusks live on virtually all continental shelf environments over a wide variety of water depths. Though the number density could be expected to differ from region to region and even within a given region, the size distribution may not vary by orders of magnitude. A change in number density for example would simply change the scattering strength (hence reverberation) magnitude but not its frequency dependence.
Core data from the reverberation sites in fact do show abundant shell material (see Figure 2) . It should be noted that the core barrel diameter was 0.11 m and thus, large shells could not be sampled. The fairly large number of unbroken shells at both locations is likely due to the fact that over recent geologic time, the water depth has been sufficiently deep to reduce the probability of shell breakage by wave action. On the mid to outer shelf of the East China Sea mollusk shells are also known to be common (e.g., Ref 3) . Thus, if shells are the explanation for the scattering, then the data presented here indicate that the shell size distribution is roughly similar between the three diverse sites.
Another possible explanation for the scattering is sediment entrained resonant gas bubbles. This hypothesis, however seems unlikely since the observations would require relatively large bubbles with a radius of order 1 cm. Also, gas bubbles (in the sediment or vented into the water column) would be expected to be highly spatially localized, e.g., at fault crossings, whereas the observations suggest a more or less spatially uniform distribution of scatterers across the shelf. Figure 4 . The penetration depth of the core was 3.27m and the recovered portion was 2.42 m (in part due to compression). The key feature of the photograph is the presence of shells roughly 3 cm long. b) shells and coral fragments extracted in the upper part of a core from the Tyrrhenian Sea reverberation measurement area. The core barrel diameter was 11 cm at both locations. (color online).
CONCLUSIONS
Two main observations from reverberation yield insights and also raise puzzles. The first observation is that there is a similar scale that seems to drive seabed scattering in three diverse continental shelf environments (see Ref 1) . Furthermore the scale is consistent within a large region of each shelf. This is surprising and leads to the puzzle, 'what seabed feature and/or process would lead to a fairly uniform scale?' The scale itself should be a significant clue, but as yet there is not a clear answer. It is possible that different mechanisms, but with the same scale, control scattering at the various sites. However, the simpler explanation is that the same underlying mechanism is responsible for the similar scales. The diversity of the locations suggests that other continental environments may be dominated by this same scale.
The second observation is that the scattering mechanism controlling long-range reverberation is likely due to volume heterogeneities. There is strong evidence at two sites, and circumstantial evidence (due to the f 3 dependence 
